LiFePO4 nanoparticles were incorporated with multi-walled carbon nanotubes (CNTs) via a facile one-step polyol process at a mild temperature. CNTs were uniformly embedded into LiFePO4 particles and formed a conductive network to enhance the electrochemical performance of the CNT-LiFePO4 nanocomposite cathode material. Structural composition and morphology of the composite were investigated in details by X-ray diffraction (XRD), scanning and transmission electron microscopies (SEM, TEM). The electrochemical properties were analyzed in the voltage of 2.0 and 4.0 V by charge/discharge testing and cyclic voltammetry. Cycling behavior of the electrode was examined with current densities up to 30 C. Experimental results showed that these CNTLiFePO4 nanocomposite cathodes exhibited enhanced electrochemical performance with both high capacity and good reversibility.
Introduction
Lithium-ion batteries have played an important role in the develop of electric vehicles (EV) and plug-in hybrid EV (PHEV) in the near future, which require high energy density and high power density, corresponding to the long range and fast charge demand, respectively [1, 2] . Substantial research efforts on novel anode materials have brought them ever close to real-life application [3] [4] [5] . There is an urgent need to develop matchable cathode counterpart to realize the long-awaited high-energy batteries. LiFePO4 shows promise as a cathode material for HEVs owing to its high specific capacity (170 mAh g -1 ) [6, 7] and excellent structural stability [8, 9] . Good environmental compatibility and the high abundance of iron are also in favor of the wide application of LiFePO4 cathodes. However, its poor electronic conductivity (10 -9 S cm -1 ) and low lithium diffusion rate due to its olivine crystal structure significantly limit its performance at elevated charge and discharge rates [10] [11] [12] . Therefore, main studies on LiFePO4 have been focused on improving its rate capability. Coatings of conductive materials, embedment of conductive network, and doping of some special cations have been reported to improve the electronic conductivity [13] [14] [15] . Miniaturizing LiFePO4 into nano sizes can significantly help reduce the diffusion length of Li ions, and shorten the electron-conducting channels during lithiation and delithiation process. Recent efforts have been made to improve rate performance of the LiFePO4 by embedding LiFePO4 into conductive network. Graphene, CNT, and other graphitic or amorphous carbon have been combined with LiFePO4 [16] [17] [18] [19] . Traditional LiFePO4/carbon composites are usually prepared via the addition or simple mechanical mixing of as-purchased conductive agents, which yield inhomogeneous mixing and thus unsatisfactory electrochemical performance. In this work, we report a significant improvement of the high rate performance of LiFePO4, which is realized by integrating nano-sized LiFePO4 in the CNT network via a one-step polyol process. Low content of CNT was used, without sacrificing overall specific capacity of the composite. Nano-structured LiFePO4 was mixed with functionalized CNT by stirring in ethylene glycol at reflux. LiFePO4 nanoparticles agglomerated with CNT and formed secondary micron-sized particles during the synthesis, which utilize the benefits of nano-domain LiFePO4, facilitating Li + diffusion and electron conduction. At the same time, the secondary LiFePO4/CNT spheres can avoid the drawbacks of nano-sized materials in electrode casting process. The composite delivered close-to-theoretical capacity with an initial coulombic efficiency over 90%, showing little evidence of irreversible capacity due to the incorporation of CNTs. The CNT-LiFePO4 electrode exhibited high specific capacity and good stability at a low current of 0.15C, with a specific capacity of 150 mAh g -1 after stable cycling for 100 cycles. The electrode was examined at different current densities and showed excellent stabilities at various current densities up to 30C. At 30C, the electrode was able to deliver a reversible specific capacity of 50 mAh g -1 . The cell resumed to stable cycling when the current density was set from 30C to 1.5C, and remained a specific capacity of 120 mAh g -1 .
Experimentals
Commercially available multi-walled carbon nanotubes were functionalized in order to remove impurities and acquire excellent dispersion in the polyol medium. The functionalization was achieved by stirring heated dispersion of CNTs in the mixture of concentrated sulfuric acid and nitric acid. CNT-LiFePO4 nanocomposite was obtained by a polyol process as follows: First, the Functionalized CNTs (5 wt% in CNT-LiFePO4) were added into 100 ml of ethylene glycol and a homogeneous dispersion was achieved by an ultrasonic process. Pristine LiFePO4 particles (~50 nm) were directly added into the dispersion by mechanical agitation in a three-neck round-bottom flask. The mixed dispersion was heated to be above the boiling point of ethylene glycol and maintained for 10 h under stirring and refluxing. After cooling down, the product was separated from the solvent by centrifugation. The product was washed thoroughly with deionized water in order to remove the organic residue impurities. Finally, the CNT-LiFePO4 composite powder was dried at 100°C for 24 h. Structural morphology of the sample was characterized by X-ray diffraction, scanning and transmission electron microscopy (SEM, TEM). Electrochemical performances were investigated in coin cells (CR2032) with lithium as both counter and reference electrode, and 1M LiFePO4 in 1:1 EC/DMC solution as electrolyte. Coin cells were assembled in an Ar-filled glovebox, in which both H2O and O2 concentrations were below 0.5 ppm. Cyclic voltammetry (CV) of the electrode was conducted at a scanning rate of 0.1mV S -1 over the voltage range between 2.0 and 4.0 V using an electrochemical workstation (Princeton Applied Research). Galvanostatic charge-discharge cycling test and multi-rate cycling test were performed on a Land CT2001A battery-testing system. Potentiostatic Electrochemcial Impedance Spectroscopy (EIS) was conducted on the CNT-LiFePO4 electrode before and after cycling, with a frequency range of 1 Mz and 0.1Hz, and voltage perturbation of 10 mV.
Results and discussion The morphology of the composite was investigated by scanning electron microscopy (SEM). As showed in Figure 2a) , the LiFePO4 NPs agglomerated with CNTs into secondary particles with size ranging from below 1 micron to a few microns. Figure 2 b ) and c) show that CNTs are well dispersed and entangled with LiFePO4 particles. Nano LiFePO4 particles agglomerated into micron-sized particles, with some part of CNTs been entrapped in the particles, and some part of CNTs reaching out and interconnected with other particles. Figure 2 d ) is the high-resolution TEM (HRTEM) image with the corresponding electron diffraction pattern inset. Pure crystalline phase of LiFePO4 after the synthesis process was further confirmed by HRTEM, proving the non-destructive nature of the mild polyol process. composite cathode in Figure 3 a), which corresponds to the two-phase charge-discharge reaction of the Fe 2+ /Fe 3+ redox couple. The peak curves are very symmetric and the interval between the cathodic and anodic peaks is only 0.3V, showing good reversibility and little polarization of the cell [20] . With the increase in cycle numbers, intensifying CV currents and narrowing cathodic and anodic intervals can be observed, suggesting improved lithium-ion kinetics over cycling [18] . Very flat and close plateaus in the galvanostatic charge and discharge profiles have also resonated with the findings from CV, further demonstrating good ion diffusion of the nano-domain active material and enhanced electronic conductivity from the combination with CNTs. The constant current charge and discharge profiles of the electrode were shown in Figure 3b) . The electrode exhibited an initial specific discharge capacity of 165 mAh g -1 , and the capacity was stabilized in first few cycles. The electrode retained 99% of its initial capacity at 0.15C after 100 cycles, as indicated in Figure 3 c ). In the rate capability test shown in Figure 3d ), different currents up to 30 C were applied to measure the stability of the electrode at these currents, and the CNT-LiFePO4 battery was able to maintain a stable capacity of 50 mAh g -1 at 30 C. The battery regained its capacity of 120 mAh g -1 when the charge/discharge current was set back to 1.5 C, and displayed good stability. Both cycling test and rate capability test show that the addition of CNT has contributed the stable cycling of LiFePO4. Furthermore, the good capacity retention at various rates demonstrates that the construction of CNT-embedded LiFePO4 secondary particles not only improves the lithium-ion diffusion kinetics, but also extends the limit of electric conductivity of the composite. Figure 4 displayed the typical Nyquist plots of CNT-LiFePO4 electrode after 1st and 50th cycle, with the inset of the corresponding equivalent circuit. A plot in this figure is composed of a depressed semicircle corresponding to the resistance in the highfrequency region, and a line corresponding to the Warburg-type element in the lowfrequency region. RS in the equivalent circuit stands for the lithium ion resistance from electrolyte and cell components. Rct represents the charge transfer resistance of the intercalation process of lithium ions at the interface of electrode material and electrolyte [21, 22] . It can be observed that both RS and Rct of the CNT-LiFePO4 electrode are initially low and show little increase after cycling. The results echo with CV, where little polarization can be observed, and the stable cycling performance of the electrode.
Conclusions
In summary, we developed a micron-sized CNT-LiFePO4 composite via a facile polyol process, using nano-sized LiFePO4 and functionalized CNT as precursor. LiFePO4 nano particles agglomerate with CNT, forming a secondary micron composite with an effective conductive network. Nano-domain LiFePO4 provides shortened diffusion length and larger surface area, which further ensure the fast lithium ion diffusion during charge and discharge process. CNT-supported conductive network enables efficient electron transportation. Both the CV and charge/discharge profiles demonstrate negligible polarization of the electrode. These merits also contribute to the stable cycling and excellent rate performance of the CNT-LiFePO4 electrode. The EIS test confirms the low-resistance nature of the electrode, and the good structural retention over cycling. Therefore, it can be concluded that the facilely prepared CNT-LiFePO4 cathode successfully delivers excellent electrochemical performance, and sheds light on the design of economically viable and high-performance LiFePO4 cathodes.
